Abstract: Successful immunotherapy with peptide vaccines depends on the in vivo generation of sufficient numbers of anti-tumor T cells with appropriate phenotypic and functional characteristics to mediate tumor destruction. Herein, we report the induction of high frequencies of circulating CD8 + T cells (4.8% to 38.1%) directed against the native gp100:209-217 peptide derived from the gp100 melanoma-melanocyte tumor antigen in five HLA-A*0201 patients at high risk of recurrence of melanoma after multiple courses of immunization with modified gp100:209-217(210M) peptide in IFA.
pends on the in vivo generation of sufficient numbers of anti-tumor T cells with appropriate phenotypic and functional characteristics to mediate tumor destruction. Herein, we report the induction of high frequencies of circulating CD8 + T cells (4.8% to 38.1%) directed against the native gp100:209-217 peptide derived from the gp100 melanoma-melanocyte tumor antigen in five HLA-A*0201 patients at high risk of recurrence of melanoma after multiple courses of immunization with modified gp100:209-217(210M) peptide in IFA.
Longitudinal peripheral blood mononuclear cell (PBMC) analysis revealed a phenotypic shift of native peptide-specific CD8 + T cells from an early effector to an effector memory (CD27 − CD28 − CD62L − CD45RO + ) phenotype with repeated immunizations and functional maturation that correlated with gp100:209-217 peptide-specific Tcell precursor frequencies. Postimmunization PBMC exhibited direct ex vivo recognition of melanoma cell lines in ELISPOT analysis, showed lytic capability against peptide-pulsed target cells, and proliferated in response to native peptide stimulation. One year after final immunization, circulating vaccine-specific CD8 + T cells persisted in patients' PBMC with a maintained effector memory phenotype. The results herein demonstrate the efficacy of a multiple course peptideimmunization strategy for the generation of high frequencies of tumor antigen-specific T cells in vivo, and further show that continued peptide immunization results in the escalating generation of functionally mature, tumor-reactive effector memory CD8 + T lymphocytes.
Key Words: human antigen/peptide/epitope, vaccination, tumor immunity, T lymphocytes, differentiation T he identification of numerous major histocompatibility complex (MHC) class I-restricted epitopes from human cancers over the last decade has facilitated the use of peptidebased vaccination as a new immunotherapeutic approach for the treatment of patients with cancer. 1 In melanoma, the melanocytic lineage-specific antigen, gp100 protein, has been identified as a frequent target of tumor-infiltrating lymphocytes (TIL), and adoptive cell transfer of gp100-reactive TIL has been shown to mediate tumor regression in patients with metastatic melanoma. 2 Although several peptides derived from gp100 are naturally processed and presented on human melanoma cells and associated with HLA-A*0201-restricted tumoricidal cytolytic T-cell (CTL) activity, 3 two gp100 epitopes recognized by CTL, gp100:209-217 and gp100:280-288 (referred to g209 and g280, respectively), bind to HLA-A*0201 molecules with intermediate affinity due to suboptimal amino acid residues in key MHC-anchoring positions. 4 Modification of the g209 peptide, by substituting a methionine for threonine at position 2, increased peptide-HLA-A*0201 binding affinity and enhanced the capacity for eliciting tumor antigen-reactive CTL through in vitro sensitization of peripheral blood mononuclear cells (PBMC) from patients with melanoma. [5] [6] [7] Peptide-based vaccination with the modified g209 peptide (referred to as g209-2M) was more efficient than the g209 peptide in successfully immunizing patients with metastatic melanoma. 7 Circulating native g209 peptide-specific CD8 + T cell frequencies were generally less than 1% in these patients. 8 Despite the generation of reproducible, tumor antigen-specific T-cell responses after peptide vaccination, objective cancer responses were seldom observed in immunized patients. 6, 7, 9 The primary goal of peptide vaccination for the treatment of patients with cancer is the in vivo induction or amplification of sufficient numbers of functionally mature, tumor antigen-specific cells capable of tumor cell obliteration and long-term protection. Current peptide vaccination strategies, which often vary in injection number and frequency, have shown limited effectiveness in generating circulating melanoma antigen-reactive T-cell frequencies greater than 2% of CD8 + T cells in vivo, 8, [10] [11] [12] more than one magnitude lower than antigen-specific CD8 + T-cell frequencies required for the elimination of acute viral infections. [13] [14] [15] Although vaccineinduced T cells can display anti-melanoma reactivity both in vitro and ex vivo, their limited numbers may be closely linked to the low rate of peptide vaccine-induced tumor regression observed in vivo. The detection of these modest populations has often involved in vitro antigen-driven expansion of vaccine-specific T cells. Because in vitro stimulation can hamper the accurate monitoring of vaccination-elicited T-cell frequency, phenotype, and functional differentiation in vivo, the generation of greater vaccine-specific T-cell frequencies in vivo would provide an improved means of direct immune monitoring.
To investigate whether a more aggressive vaccination protocol can facilitate the enhancement of functionally active melanoma antigen-reactive T-cell numbers in vivo and allow for the phenotypic and functional analysis of circulating lymphocytes without the need for in vitro stimulation, HLA-A*0201 patients at high risk of recurrence of melanoma were vaccinated with the modified g209-2M peptide in adjuvant using a multiple-course vaccination strategy conducted during a 336-day period. Here, we longitudinally analyzed native g209 peptide-specific T-cell precursor frequency in the peripheral blood of five peptide-vaccinated patients using direct ex vivo peptide-specific tetramer and interferon-gamma (IFN-␥) ELISPOT assays over multiple courses of immunization. Multiparameter flow cytometric analysis was used to study the effect of the multiple course strategy upon changes in cell surface phenotype associated with T-cell differentiation. In addition, the functional characteristics of PBMC from immunized patients were evaluated for the expression of perforin and ex vivo cytokine production, proliferation, and specific cytolytic activity against g209 peptide-pulsed antigen-presenting cells (APC) and gp100-expressing melanoma cells. Lastly, the frequency, differentiation phenotype, and function of persisting vaccine-specific T cells were analyzed 1 year after the last immunization.
MATERIALS AND METHODS

Patient Selection
In the current study, five HLA-A*0201-positive patients between the ages of 38 and 65 received 1 mg modified gp100:209-217(210M) peptide (g209-2M) and 1 mg tyrosinase:368-376(370D) peptide in a protocol approved by the Institutional Review Board of the National Cancer Institute. Each peptide was emulsified separately in Montanide ISA 51 (IFA) adjuvant and injected subcutaneously in different extremities. All patients had completely resected melanoma with no clinical evidence of disease but were at high risk of recurrence. Patients 1, 2, and 3 received peptide vaccination every 3 weeks for a total of 16 injections (4 courses of 4 injections each). Patients 4 and 5 received 4 courses of peptide injection; each course consisted of 10 weekly injections followed by a 3-week break between courses. PBMC were obtained by cytapheresis before peptide vaccination, 3 weeks after each vaccination course and 1 year after the final immunization. Although the number of peptide injections per course differed between these vaccination arms, the time of leukapheresis was identical among cohorts with PBMC samples collected 84 days after the start of each new vaccination course. Collected cells were enriched for lymphocytes with lymphocyte separation medium (ICN Biomedicals Inc., Aurora, OH) and were cryopreserved.
Peptides
The nonamer modified gp100:209-217(210M) peptide (g209-2M, IMDQVPFSV) and the tyrosinase:368-376(370D) peptide (YMDGTMSQV) were produced to Good Manufacturing Practice grade by solid phase synthesis by Multiple Peptide Systems (San Diego, CA). The gp100:209-217 peptide (g209, ITDQVPFSV) and the gp100:280-288 peptide (g280, YLEPGPVTA) were provided by the National Cancer Institute Cancer Therapy Evaluation Program.
Cells and Culture Conditions
Before analysis, PBMC were thawed and rested overnight in complete media (CM) consisting of RPMI 1640 (Invitrogen Corp., Carlsbad, CA) supplemented with 2 mM glutamine (Biofluids, Rockville, MD), 25 mM HEPES buffer (Biofluids), 100 U/mL penicillin (Biofluids), 100 µg/mL streptomycin (Biofluids), 50 µM 2-mercaptoethanol (Invitrogen) and 10% heat-inactivated human AB sera (Gemini Bioproducts, Woodland, CA) to deplete adherent monocytes. The HLA-A*0201 + melanoma cell lines, 526 and 624, and the HLA-A*0201 − melanoma lines, 624.28 and 888, were derived in this laboratory from tumor samples by enzymatic digestion as previously described. 16 
Tetramers and Monoclonal Antibodies
PE-labeled g209-2M, g209, and HIV gag (SLYNTVATL) peptide/HLA-A*0201 tetramer complexes were obtained from Beckman Coulter, Inc. (Fullerton, CA). Fluorescein isothiocyanate (FITC)-conjugated anti-human CD27, CD8, and HLA-DR antibodies and biotin-conjugated CCR7 monoclonal antibodies (mAB) were obtained from BD Biosciences (San Jose, CA). Biotinylated CCR7 antibody was used with streptavidin-APC (BD Biosciences). FITC-conjugated anti-CD28, CD45RA, CD45RO, CD62L, CD25, perforin, mouse IgG2b, and APC-labeled CD8 antibodies were obtained from BD PharMingen (San Diego, CA) (Gemini Bioproducts) at 5 × 10 6 cells/mL and blocked with 10% normal mouse Ig (Caltag Labs, Burlingame, CA) for 15 minutes on ice. Cells (5 × 10 5 ) in 100 µL were stained with tetramer and FITC and APC-conjugated mABs at 4°C for 40 minutes in the dark. Cells were washed twice, briefly stained with propidium iodide for nonviable cell exclusion, and subsequently analyzed in a FACSCalibur (Becton Dickinson) For CCR7 staining, cells were first stained with biotinylated anti-CCR7 antibody, washed, and treated with streptavidin-APC. Subsequently, CCR7 antibody-stained cells were stained with tetramer and anti-CD8 antibody. For intracellular perforin staining, cells were stained with tetramer and anti-CD8 antibody and then permeabilized and fixed using the Cytofix/Cytoplug Plus with GolgiPlug kit (BD PharMingen). Cells were then stained with FITC conjugated perforin antibody, washed twice, and analyzed.
IFN-␥ ELISPOT Assay
Nitrocellulose-lined ELISPOT plates (Millipore) were coated overnight at room temperature with 1 µg anti-human IFN-␥ antibody per well (BioSource), washed 4 times, and then blocked with CM for 30 minutes at 37°C. HLA-A2 transfected CIR cells (C1RA2) were irradiated (20,000 rad) and pulsed with 1 µM peptide for 1 to 3 hours at 37°C. 
Proliferation Assay
Freshly thawed or overnight rested PBMC were washed and resuspended at 2 × 10 6 cells/mL in CM. One hundred microliters of cell suspension (2 × 10 5 ) was then added per well to a 96-well U-bottom plate, each well containing 2 × 10 5 irradiated HLA-A2 + T2 cells (20,000 rad) pulsed with 1 µM of g209 peptide or g280 peptide in 100 µL CM, in triplicate. Cell cultures were then incubated at 37°C for 3 and 4 days and pulsed with 1 µCi [
3 H]-thymidine per well for the final 18 hours of incubation. Plates were harvested onto nylon filters using the Betaplate system and radioactivity quantified using a Betaplate counter. Results are expressed in counts per minute as the mean of triplicate cultures.
Chromium Release Assay
Pre-and postimmunization PBMC were thawed and incubated overnight in CM. T2 cell targets were pulsed or not with 1 µM g209 or g280 peptide for 1 hour and subsequently labeled with 100 µCi 51 Cr at 37°C for 1.5 hours. Target cells were washed three times in PBS, resuspended in CM at 10 5 viable cells/mL, and 100 µL added per well of a 96-well Ubottom plate. Effector cells were washed twice in CM and added to wells at the given ratios. Plates were centrifuged and incubated at 37°C for 4 hours, after which time the supernatants were harvested and counted in a gamma counter. Percent specific lysis was calculated as (experimental − spontaneous lysis/maximal − spontaneous lysis) × 100.
RESULTS
Increasing Frequencies of Tumor Antigen-Specific CD8 + T Cells in Vaccinated Patients
To quantitate the number of circulating g209 peptidespecific CD8 + T cells after multiple courses of immunization with the class I-restricted g209-2M peptide, flow cytometric analysis with peptide/HLA tetramer and anti-CD8 antibody staining was performed ex vivo on PBMC collected before and 3 weeks after every vaccination course in each of the 5 vaccinated patients. The native peptide was always included as a target in all tetramer and ELISPOT assays.
Control flow cytometry assays revealed that approximately 50% of PBMC with intermediate CD8 expression levels also expressed the NK cell-associated marker, CD16 (Fc␥RIIIa); however, CD8 bright leukocytes showed a CD3 + CD16 − CD14 − CD20 − expression pattern, consistent with a true CD8 + T lymphocyte phenotype. Thus, this latter population was analyzed in all tetramer assays. Examples of the flow cytometric tetramer assays of PBMC from two patients are shown in Figure 1 using both the specific g209 tetramer and a control HIV tetramer. No gp100:209-217 peptide/HLA-A*0201 (g209/A2)-positive cells were detectable before immunization. Expansion of circulating g209-specific CD8 bright T cells was observed in all 5 vaccinated patients upon completion of the 4-course immunization schedule. Tumor antigenspecific CD8 + T-cell frequencies ranged from 4.8% to 38.1% of circulating CD8 + T cells (Table 1 ). All patients were successfully immunized against the native g209 peptide after two immunization courses, although circulating g209-specific cells were evident in patients 1, 4, and 5 after a single immunization course. Melanoma epitope-specific T-cell frequencies generally increased in parallel with successive immunization courses, irrespective of the vaccination schedule administered. Staining of PBMC of patients 3 and 5 with modified g209-2M peptide/A2 tetramer revealed an antigen-specific expansion similar to the g209-specific CD8 + T-cell frequency measured. In contrast to the expansion of g209-specific cells, control tetramer staining of PBMC of patients 3 and 5 showed consistently low to undetectable frequencies of circulating HIV/A2-positive CD8 + T cells over this time ( Fig. 1 and Table 1 ).
Phenotypic Changes in Tumor Antigen-Specific CD8 + T cells with Increasing Immunizations
We next evaluated the phenotypic characteristics and differentiation status of melanoma epitope-specific T cells in vivo using multiparameter flow cytometric analysis of tetramer-positive cells. Longitudinal ex vivo analysis of vaccinated patient PBMC revealed that, at the earliest point of detection, g209-specific CD8 + T cells displayed an expression pattern most consistent with an early-stage effector phenotype (Fig. 2) . The majority of g209/A2-positive CD8 + T cells expressed CD45RO and CD27. A high frequency of g209/A2-positive cells in some but not all patients expressed CD28 and CD62L. Smaller but significant numbers of cells appeared to remain CD45RA bright throughout the immunization courses. CCR7, a secondary lymphoid organ homing receptor expressed on naive and central memory CD8 + T lymphocytes, was found on less than 8% of circulating g209-specific cells after the first immunization course.
A phenotypic shift occurred in the circulating tumor antigen-specific cell population in parallel with subsequent immunization courses, consistent with T-cell differentiation to a fully activated, memory phenotype. On average, the frequency of g209/A2-positive T cells expressing CD27, CD28, and CD62L steadily decreased with repeated immunization courses while the percentage of CD45RO + g209-specific T cells remained high (Fig. 2I) . Despite some variation among + T cells expressed an effector memory phenotype. Consistent with this effector phenotype, intracellular staining revealed an increasingly high level of perforin in g209-specific CD8 + T cells (Fig. 2C ).
Functional Maturation of Circulating gp100:209-217 Peptide-Reactive CD8 + T Lymphocytes In Vivo
Because phenotypic changes observed in the g209-specific T-cell population suggested an increasing frequency of circulating tumor antigen-specific cells with effector function, we next assessed the functional characteristics of PBMC from immunized patients over the course of the vaccination schedule. An ELISPOT assay was performed to measure IFN-␥ production in response to g209 epitope-specific stimulation. Insignificant numbers of IFN-␥-secreting cells were noted from prevaccination PBMC stimulated with either g209 (ITDQVPFSV) or g209-2M (IMDQVPFSV) peptide-pulsed APC ( Table 2 ). The frequency of IFN-␥ producing g209-reactive T cells increased in parallel with successive immunization courses, reaching frequencies ranging between 118 and 1587 cells per 10 5 PBMC after 3 immunization courses. With the exception of PBMC from patient 5, which responded to the immunizing tyrosinase:368-376(370D) peptide, ex vivo stimulation of vaccine-immune cells with APC pulsed with the tyrosinase or gp100:280-288 (g280; YLEPGPVTA) peptides failed to elicit specific cytokine secretion in any sample. Stimulation with the modified g209-2M peptide-pulsed APC resulted in T-cell precursor frequencies comparable to those observed in g209 peptide-stimulated cultures.
A correlation existed between the absolute number of IFN-␥-producing cells and g209/A2 tetramer-positive CD8 + T cells per 10 5 patient PBMC ( Fig. 3 , P < 0.001). On average, about 21% of circulating g209/A2-positive CD8 + T cells were capable of producing IFN-␥ in response to peptide stimulation during the course of the immunization schedule.
To directly evaluate the immune potential of melanoma epitope-reactive PBMC against tumor, we measured the precursor frequency of IFN-␥ producing PBMC ex vivo in response to HLA-matched or nonmatched melanoma cell stimulation by ELISPOT analysis. In 24-hour assays, postimmunization course 3 or 4 PBMC from 80% (4/5) of g209-2M-vaccinated patients secreted IFN-␥ when stimulated with the HLA-A2-positive melanoma cells, 526 and 624, with T-cell precursor frequencies ranging from 32 to 198 and 31 to 228 IFN-␥-producing cells per 10 5 PBMC, respectively (Table 3) . Stimulation with HLA-A2-negative melanoma cells failed to elicit significant responses in all PBMC tested. Postvaccination course 3 PBMC from patient 2 did not respond to stimulation with HLA-A2-matched or nonmatched tumor cells, a finding consistent with the low frequency of g209 peptidestimulated, IFN-␥-producing PBMC found in this patient (Table 2) .
Proliferative Capacity of g209-Reactive PBMC
To determine the proliferative capability of g209-reactive PBMC, pre-and postcourse 4 patient PBMC were rested overnight in CM and evaluated for proliferation against HLA-A2-expressing T2 cells pulsed with 1 µM g209 or g280 peptides in 3-day and 4-day [ 3 H]-thymidine incorporation assays. In 3-day assays, no difference in proliferation was observed from prevaccination PBMC when stimulated with either g209 or g280 peptide-pulsed T2 cells (Table 4 ). In contrast, proliferation in response to g209 but not to g280 peptide stimulation was noted from 3 of 4 postvaccination PBMC (P < 0.05). Similar but overall higher levels of proliferation were noted in all day-4 postimmunization cultures stimulated with g209 peptide compared with preimmune cultures; however, increased proliferation was measured against g209 peptide in 2 preimmune samples.
Cytolytic Activity Against Peptide-Pulsed Targets
We next directly evaluated the cytolytic capacity of circulating g209-reactive cells using a 4-hour chromium release assay. In preimmune samples, there was no difference in the low lytic activity measured against T2 cells pulsed with either 1µM g209 or g280 peptide at a 100:1 effector-to-target-cell ratio (Fig. 4) . In contrast, all postimmunization PBMC exhibited antigen-specific lysis of g209 peptide-pulsed T2 target cells (P < 0.05). However, none of the postimmunization course 4 PBMC samples displayed significant lytic activity 
Persistence of Circulating Vaccine-Specific T Cells
To evaluate the persistence and phenotype of g209 peptide-specific CD8 + T cells in patients receiving multiple courses of modified g209-2M peptide, multiparameter flow cytometric analysis was performed on PBMC collected from patients 1, 2, 3, and 5, 1 year after final immunization. Compared with post-course 4 PBMC, tetramer analysis revealed a reduced yet sustained presence of circulating g209 peptidespecific CD8 + T cells in all vaccinated patients with tumor antigen-specific T-cell frequencies ranging between 25.4% and 0.8% of CD8 + T cells (Table 5 ). To determine whether the persistent g209-specific T-cell population had undergone phenotypic changes, tetramer-positive CD8 + T cells from postcourse 4 and 1 year postimmunization PBMC were examined for expression of markers associated with T-cell differentiation. Consistent with the phenotype observed after 4 courses of peptide immunization, g209 peptide-specific T cells maintained an effector memory phenotype 1 year postimmunization with a small increase in the frequency of CD45RA expressing cells paralleling a decreased CD45RO expression (Fig. 5) . The frequency of tumor antigen-specific cells expressing CD27, CD28, CD62L, and CCR7 remained unchanged. In assays performed simultaneously with preimmune and course 4 PBMC (Table 4 and Figure 4 ), antigenspecific lysis of g209 peptide-pulsed T2 cells by 1 year postimmunization PBMC was detected from 1 of 3 patients in a 4-hour chromium-release assay, while increased proliferation by all 1-year samples was measured in response to g209 peptide-pulsed T2 cells in a 3-day [ 3 H]-thymidine incorporation assay (Table 5 ). PBMC obtained before and 3 weeks after each vaccination course (Post 1-4) were tested for reactivity against 1 µM g280, g209, g209-2M, or tyrosinase (tyr) peptide stimulation. Values correspond to the number of IFN-␥-secreting cells per 10 5 PBMC from each patient over the course of the vaccination schedule measured by ex vivo ELISPOT analysis. Cytokine-secreting cell number was calculated as the average number of spots from six replicate wells. Values not determined are indicated n.d.
DISCUSSION
Peptide-based vaccines represent a promising approach for the immunotherapy of patients with melanoma. In multiple clinical trials using peptide injection to attempt to immunize patients against melanoma epitopes, rarely has ex vivo peptide/HLA tetramer-based analysis measured circulating vaccine-specific CD8 + T cell frequencies greater than 2%. 8, [10] [11] [12] In these studies of patients with metastatic melanoma, the number of injection cycles was generally limited by progression of disease, and thus it has been difficult to clearly assess the impact of repeated peptide vaccination. In tetramer-based analysis, the number of modified MART-1:26-35(27L) peptide-specific PBMC increased over the course of 6 native MART-1:26-35 peptide injection cycles in 1 of 5 vaccinated patients with metastatic melanoma, reaching 2.3% of circulating CD8 + T cells, 17 exceeding common frequencies of naturally arising MART-1-specific CD8 + T cells in the peripheral blood and tumor-infiltrated lymph nodes of patients with melanoma. 18 Similarly, a recent clinical trial in which patients with malignant melanoma were repetitively vaccinated with g209-2M peptide over 6 months demonstrated g209-2M peptidespecific CD8 + T-cell frequencies greater than 1% in 8 of 29 patients after vaccination, including 2 patients who exhibited modified peptide-specific frequencies of 4.96% and 8.86%; however, the frequency of T cells specific for native g209 peptide was not assessed. In the current study, we have investigated the longitudinal effect of multiple-course g209-2M peptide vaccinations on circulating g209 peptide-specific T-cell expansion, phenotype, and function in patients at high risk of recurrent melanoma. Unlike patients with metastatic melanoma, patients in the adjuvant setting who are clinically free of disease can be immunized over a long period. We selected for study 5 HLA-A*0201 patients who had completed the 4-course peptide immunization regimen with g209-2M peptide in IFA over 336 days. Peptide-reactive cells were undetectable in preimmunization PBMC from all 5 patients by tetrameric staining, ELISPOT analysis, and cytolytic activity assessment. Upon completion of the multiple course vaccination schedule, successful immunization was noted in all 5 patients. Frequencies of native peptide-specific PBMC increased in parallel with repeated modified peptide vaccination to high levels, ranging between 4.8% and 38.1% of circulating CD8 + T cells, reaching levels reportedly required for the successful elimination of acute viral infection. [13] [14] [15] This demonstrates a marked improvement in the induction of heightened antigen-specific Tcell precursor frequencies over previous immunization strategies. PBMC from patients 1 and 4 demonstrated tetramerpositive staining and peptide-stimulated IFN-␥ secretion 3 weeks after the initial vaccination course. All patients were successfully immunized after completion of the second immunization course, at which time patients had received either 8 or 20 peptide injections over 24 weeks. One year after immunization, circulating g209-specific CD8 + T cells persisted in 4 patients tested, albeit at lower frequencies, demonstrating a long-term impact of g209-2M peptide vaccination upon the persistence of the g209-specific T cells, as reported previously in in vitro stimulation studies, 20 and at considerable frequencies of the CD8 + T-cell population. Several investigators have proposed that the maturational pathway of CD8 + T cells may be delineated through the examination of cell surface molecules such as the costimulatory receptors CD27 and CD28, the CD45 isoforms, and the chemokine receptor CCR7. 21, 22 Additionally, correlations between cell surface marker expression and T-cell function have previously been demonstrated. 21, [23] [24] [25] Considerable confusion exists concerning the phenotypic characteristics of tumor antigen-specific cells in patients with melanoma. 26 22 In our study, the majority of vaccine-elicited g209-reactive PBMC were CD45RA − CD45RO + CCR7 − ; however, both populations appear to comprise the circulating vaccinespecific population, and g209-reactive PBMC maintained the capacity to proliferate in response to ex vivo peptide pulsed FIGURE 5. Phenotypic analysis of g209-specific CD8 + T cells from 1-year postimmunization PBMC. PBMC from vaccinated patients 1-year after final peptide vaccination were incubated overnight in culture media and were stained using gp100:209-217 peptide/HLA-A*0201 tetramer, anti-CD8 antibody, and antibodies specific for either CD27, CD28, CD45RA, CD45RO, CD62L, or CCR7 molecules for multiparameter flow cytometric analysis. Propidium iodide staining was performed for viable cell gating in all cases. Values correspond to the average percentage of g209-specific CD8 + T cells from patients 1, 2, 3, and 5 PBMC that positively express the indicated markers. APC-stimulation, indicating that the g209-specific population was not entirely at a terminal stage of differentiation.
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The downregulation of CD62L and CCR7, molecules essential for lymphocyte migration to lymph nodes, on g209-specific memory cells may reflect the generation of effector memory T cells. 21 Despite the coexpression and downregulation of these molecules on naive and effector memory cells, respectively, we found that CCR7 and CD62L displayed dissimilar kinetics of downregulation on vaccine-specific T cells in vivo. Although early CD62L expression was lost with successive vaccination courses, CCR7 was continually low to undetectable in the circulating g209-specific cell population. Upon completion of the immunization protocol, nearly all g209-specific cells were negative for CD62L and CCR7, consistent with the effector memory phenotype. One year after immunization, g209-specific T cells in the peripheral blood sustained their effector memory phenotype. This contrasts the recent demonstration of conversion of memory CD8 + T cells from effector memory (CD62L − CCR7 − ) to central memory (CD62L + CCR7 + ) under homeostatic control and influenced by antigen dose in an acute viral infection system. 30 Accordingly, increased numbers of antigen encounters and antigen dose, as provided by our vaccination strategy, may result in the preferential development of effector memory T cells. Importantly, the current longitudinal phenotypic analysis demonstrates the ability of the multiple course immunization strategy to generate increasing proportions of phenotypically mature tumor-antigen-reactive CD8 + T cells with correlative functional maturation.
Characterization of vaccine-induced T-cell function is important, because tetramer-positive staining does not strictly correlate with antigen-specific T-cell responsiveness. 26 The high expression levels of intracellular perforin, a key effector protein for CTL-mediated cytolysis, by more than 90% of tetramer-positive cells were suggestive of a functional potential of peptide vaccine-induced g209-specific CD8 + T cells. Indeed, ELISPOT assays demonstrated an increasing number of antigen-specific IFN-␥ producing PBMC with repeated vaccinations. The values of g209-specific PBMC detected by g209/A2 tetramer were nearly 5-fold higher than the number of cells producing IFN-␥ in response to peptide stimulation, consistent with differences noted in acute viral infection. 31 Corresponding with peptide-stimulated cytokine secretion, postimmunization PBMC from 4 of 5 patients secreted IFN-␥ in response to HLA-matched tumor stimulation, demonstrating the direct immune reactivity of g209-specific PBMC against tumor ex vivo. Although cytolytic activity by postcourse 4 PBMC was detected against g209 peptide-pulsed target cells in 4-hour chromium release assays, cytolysis of melanoma cell targets was not observed. The demonstration of cytolytic activity against melanoma cells by Melan-A/MART-1-peptide vaccine-induced CTL in other studies required antigenspecific cell presorting with prolonged incubation or mitogen stimulation. 17 In addition to g209-2M peptide, all patients also received multiple vaccination courses of tyrosinase 368-376(370D) peptide in IFA; however, with the exception of PBMC from patient 5, vaccination with the HLA-A2-restricted tyrosinase peptide failed to immunize, as shown previously. 32 The tyrosinase epitope has a HLA-binding affinity similar to the native g209 peptide, which was less effective than the modified g209-2M peptide for successful immunization of patients with metastatic melanoma. 4, 7 Because the correlation between MHC-binding affinity of peptide and immunogenicity has illustrated the importance of the peptide association and dissociation rate with the HLA complex for induction of antigen-specific responses, [33] [34] [35] synthetic modification of the tyrosinase peptide to increase HLA-binding affinity without altering TCR recognition of the peptide/HLA complex may thus allow for greater immunizing efficacy.
It is possible that lack of detectable lesions as a selective reservoir for vaccine-induced, tumor antigen-reactive cells in our patients may account in part for the enhanced T-cell precursor frequencies observed in the peripheral blood. In our prior clinical trials, the enhanced rate of tumor regression in patients with melanoma treated with g209-2M peptide and interleukin-2 was not associated with increased frequencies of tumor antigen-reactive cells in the peripheral blood, 7 and analysis of fine-needle aspirates of melanoma lesions in vaccinated patients suggested tumor-specific T-cell localization to metastatic melanoma sites. 8, 36 In addition, naturally arising tumor antigen-specific CD8 + T-cell responses appear to differ both quantitatively and qualitatively in the peripheral blood versus the tumor site, with a higher frequency of antigenexperienced, tumor-specific cells at the lesion. 18 The current analysis of preimmune and postimmunization PBMC from patients receiving multiple-course peptide immunization reveals an improved method for the generation of increased numbers of functionally and phenotypically mature tumor antigen-specific CD8 + T cells that persist in vivo. Vaccine-elicited T cells proliferated in response to peptide stimulation and produced IFN-␥ in response to cognate peptide or tumor stimulation ex vivo; however, PBMC from immunized patients exhibited cytolytic activity against peptidepulsed target cells but not against gp100-expressing melanoma cells ex vivo, suggesting that, in addition to the magnitude of the immune response, qualitative features of peptide vaccineelicited T-cell responses may be equally as important for treatment of patients with melanoma. Although this study was not conducted to evaluate the impact of multiple courses of peptide vaccination upon clinical outcome, these 5 peptide-vaccinated patients remain free of recurrent melanoma 1 year after immunization; however, the long-term impact of this strategy upon tumor recurrence rate remains unknown. In addition, no autoimmune disease was observed in these patients despite high frequencies of circulating g209-reactive CD8 + T lymphocytes with cytolytic capability. Although the duration of the multiple immunization course protocol may hinder its application for the therapeutic treatment of patients with melanoma with progressive disease, the ability to generate strong and possibly protective tumor antigen-specific CD8 + T-cell responses in vivo in patients with no evident disease but at high risk of recurrence provides a basis on which future peptide immunization strategies may be designed in the adjuvant setting.
